The electrophysiological properties of neurons in the three-layered dorsal cortex of the turtle, Pseudemys scripta elegans, have been studied in vitro. Intracellular recordings suggested two distinct classes of neuronal behavior. Cell labeling with either Lucifer Yellow or horseradish peroxidase revealed that these behaviors correlated with the two morphological classes of cortical neurons: pyramidal cells and stellate cells. Examination of Golgi-stained neurons of dorsal cortex did not uncover any other obvious classes.
The electrophysiological properties of neurons in the three-layered dorsal cortex of the turtle, Pseudemys scripta elegans, have been studied in vitro. Intracellular recordings suggested two distinct classes of neuronal behavior. Cell labeling with either Lucifer Yellow or horseradish peroxidase revealed that these behaviors correlated with the two morphological classes of cortical neurons: pyramidal cells and stellate cells. Examination of Golgi-stained neurons of dorsal cortex did not uncover any other obvious classes.
Pyramidal cells had their somata in the cell layer, and extended several densely spined apical dendrites through the molecular layer to the pia. They also had spiny basilar dendrites directed through the subcellular layer toward the ependymal border. Physiologically, pyramidal cells had relatively prolonged action potentials that showed marked frequency adaptation during a sustained suprathreshold current pulse. Their most striking characteristic was a tendency to fire two discrete sizes of action potential, one small (mean = 34 mV) and of relatively low threshold, the other large (mean = 76 mV) and of higher threshold. We hypothesize that at least some small spikes arise from distal dendritic sites, whereas large spikes are somatically generated. Both spikes were tetrodotoxin-sensitive, although calcium-dependent electrogenesis occurred when potassium channels were blocked. In contrast to pyramidal cells, the somata of stellate cells were found in the molecular and subcellular zones. Their dendrites tended to be horizontally oriented and spine-free. Stellate cells had relatively brief action potentials, each of which was followed by a large but short-lasting undershoot of membrane potential. Stellate cells showed little or no spike frequency adaptation. Spike amplitudes were always relatively uniform and large (mean = 73 mV). Thus, in the dorsal cortex of turtles, the pyramidal cells, which are projection neurons, and stellate cells, which are local GABAergic inhibitory neurons, have distinctly different membrane characteristics. The physiological properties of the two types of turtle cortical neurons are very similar to their counterparts in cortical structures of the mammalian telencephalon.
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Correspondence should be addressed to Barry W. Connors tures of the telencephalon have been extensively studied in a wide range of species (for reviews, see Diamond and Hall, 1969; Northcutt, 198 1; Ulinski, 1983) ; however the vast majority of these investigations have been concerned with anatomical questions. Similarly, most of the studies using electrophysiological techniques have nevertheless been "electroanatomical" in nature (Belekhova, 1979) in that evoked activity was used to determine patterns of connections. Detailed physiological studies of cortical cell properties and intrinsic synaptic circuitry have been confined to only a few species of higher mammals (for reviews, see Jones and Peters, 1984; McCormick et al., 1985; Stafstrom et al., 1984) . In contrast, extensive comparative surveys of cerebellar (Llinas, 1969) retinal (Dowling, 1970) and, to a lesser extent, spinal cord (Simpson, 1976) neurophysiology have been performed. The success of these efforts has prompted us to examine the cellular physiology of the relatively simple dorsal (or general) cortex of the turtle, Pseudemys scripta eleguns.
Dorsal cortex is the visual cortex of many reptiles, though it may also subserve other sensory modalities. There are several compelling reasons for studying the turtle dorsal cortex. The order Chelonia, of which turtles are the only living examples, is thought to have diverged directly from cotylosaurs, the basic stock from which all reptiles (and therefore mammals) have descended; further, turtles have changed little from their ancestral forms of the Triassic period (Romer, 1972) . The anatomy of turtle cortex has been illuminated by many elegant studies. Turtle dorsal cortex and mammalian neocortex share several important afferent connections, including the distribution of thalamic, adrenergic, and cholinergic inputs (Desan, 1984; Hall and Ebner, 1970; Hall et al., 1977; Hohmann et al., 1983; Ouimet and Ebner, 1981; Parent and Poitras, 1974; Smith et al., 1980) . Both cortices also share similar efferent connections to the thalamus and brainstem (Hall et al., 1977) . While there is currently no consensus regarding evolutionary homologies among cortical structures, detailed physiological studies can contribute by defining the similarities and differences between species with a common ancestry.
Although the extrinsic connectivity of the turtle dorsal cortex resembles neocortex, the intracortical structure of the turtle is greatly simplified compared to that of the mammal. Instead of a six-layered isocortex, the turtle has only three cortical layers, with two general classes of neurons: pyramidal cells that form the main output of the cortex, and stellate interneurons (Balaban, 1978; Davydova and Goncharova, 1979; Desan, 1984; Northcutt, 1970; Ramon, 1896; Ramon y Cajal, 1911) . The pyramidal cells are arrayed in a single perikaryal lamina. They have long, spine-bearing apical dendrites that ascend to the superficial molecular layer, and basilar dendrites extending into a subcellular zone. Their spine morphologies are similar to those described for pyramidal cells of mammalian somatosensory cortex (Jones and Powell, 1969) . Stellate cells generally reside in the molecular and subcellular layers, and have aspinous or sparsely spined dendrites that are mostly oriented parallel to the pial surface.
The turtle brain has distinct advantages for physiological experiments. Its neurons are relatively large, making routine intracellular recording possible. More uniquely, the freshwater diving turtles chosen for study have the ability to function under conditions ofprolonged hypoxia (Belkin, 1963; Sick et al., 1982) . This attribute simplifies the maintenance of large portions of the intact cerebral cortex in vitro.
Thus, turtle dorsal cortex is of great phylogenetic interest; it is relatively simple and anatomically well-described; and it has clear practical advantages. This paper describes the distinctive electrophysiological and morphological properties of pyramidal and stellate cells, while the following paper (Kriegstein and Connors, 1986 ) details some of the synaptic physiology of the cortical circuitry. Some of these results have been presented in abstract form (Connors et al., 1983; Kriegstein and Connors, 1984) .
Materials and Methods

Dissection and maintenance in vitro
Experiments were performed on the dorsal (or general) cortex from adult (shells 20-30 cm long) specimens of the red-eared turtle Pseudemys scripta elegans obtained from Delta Biological Limited, Vidalia, LA. Some authors now include this species within the genus Chrysemys, but this classification is controversial (Harless and Morlock, 1979 ) and the older term will be retained here because it is embedded in the neurobiological literature. Figure 1A schematically illustrates the area ofcortex under study. The shaded area of the dorsal view on the right represents the approximate limits of the cortex displaying evoked potentials to sensory stimuli (Belekhova, 1979) . Nissl-stained sections (Fig. 1B) illustrate the three-layered organization of the general cortex, including the wide but cell-sparse molecular layer, the densely packed cell layer, and the narrow subcellular layer. A sheet of ependymal cell bodies lines the ventricular surface.
Turtles were decapitated, the brains removed, and the dorsal area of cortex dissected free from each hemisphere. This provided a cortical fragment approximately 10 mm square and slightly less than 1 mm thick. One piece ofcortex was placed with the ventricular surface upward in a recording chamber, where it was continuously superfused with saline (Mori et al., I98 1) containing (in mM) NaCl, 965; I&l, 2.6; CaC&, 4.0; M&l. 2.0: NaHCO,. 3 1.5: dextrose. 10: and saturated with 95% 0, and 5% Cb, gas (pH 7.4). All experiments'were carried out at room temperature (about 22°C). We found the turtle cortex to be quite hardy, and cortical specimens were occasionally stored at 4°C for 18 hr prior to use with no apparent detrimental effects.
Electrophysiological techniques
Intracellular recordings from nonlabeled cells were made with glass microelectrodes filled with either 3 M K acetate or 3 M KCl. Electrodes had resistances between 30 and 100 MQ. Current was injected through the recording electrode via an active bridge circuit, and balance was continually adjusted by canceling the rapid voltage jump at the onset and offset of the current pulse (Engle et al., 1972) . The signal was amplified and recorded on magnetic tape (DC to 5 kHz). Extracellular recordings were made with micropipettes filled with 1 M NaCl and broken to resistances of 3-5 Ma. Focal extracellular stimulation was applied through sharpened bipolar or monopolar tungsten electrodes that were insulated to within 10 pm of the tip. Single cathodal pulses (200 psec duration) were applied to the ependymal surface. In some cases, substances were focally applied to the cortex by pressure pulses to a broken micropipette. Some of the data were digitized and analyzed off-line on a MINC-23 computer (Digital Equipment Corp.).
Intracellular labeling
For those experiments in which cells were labeled with HRP, animals were first anesthetized with a subdermal injection of sodium pentobarbital (37 mg/kg) and immersed in an ice-water bath for 60 min. The plastron was then cut away and ice cold turtle saline was perfused intracardially prior to decapitation. This procedure eliminated nonspe- Volanschi and Servit, 1969) . In the right-ha&panel, the visual cortices are shown as stippled regions on the cerebral hemispheres. The lefthand panel depicts the dorsal half of a coronal section at the level of the dashed line shown on the right. The cortex is bordered by the pial membrane dorsally and by the ependymal surface ventrally. H = hippocampus, DC = dorsal cortex, P = pyriform cortex. B, A cresyl violetstained section of the visual cortex cut coronally. The three layers are labeled, and the ependymal layer (E) is on the bottom. cific staining of blood cells during processing for HRP. Microelectrodes were made from glass capillary tubes with internal fibers (WP Instruments, Inc., New Haven, CT) filled with 3% HRP (Sigma, Type VI) and beveled to resistances of 50-150 MQ. HRP was ejected by applying depolarizing current pulses of 2-5 nA for 250-500 msec duration at a frequency of l-2 Hz for at least 5 min. Tissue labeled with HRP was immersion-fixed in 2% glutaraldehyde-2% paraformaldehyde, rinsed in phosphate buffer, and processed via a cobalt-intensified diaminobenzidine method, as described elsewhere (Kitai and Bishop, 198 1) . Some cortical slabs containing HRP-filled cells were first mounted intact on slides; the HRP-filled cells were drawn and photographed in wholemount; and the cortex subsequently embedded and sectioned serially at right angles to the pia for viewing and reconstruction of neurons in cross section.
When cells were labeled with Lucifer Yellow (LY, Stewart, 1978) , microelectrodes were filled with 31 LY in 2 M LiCl, and beveled to resistances of 50-l 50 MQ. LY was iontophoretically ejected by 3-4 nA hyperpolarizing current pulses or steady hyperpolarizing current for 3-10 min. Tissue containing LY-tilled cells was fixed in 4% buffered formalin overnight and then dehydrated through graded alcohols and cleared and mounted in methylsalicylate. LY-filled cells were viewed and photographed under a Leitz Dialux 20 microscope equipped with epifluorescent filters (Leitz E3).
Golgi staining
Turtle visual cortex was prepared using a modification of the rapid Golgi method. Fixation was obtained by intracardiac perfusion of 10% buffered formalin. The brain was removed, bisected, and the rostra1 and caudal ends of one cerebral hemisphere were trimmed away. The resulting block of tissue was then immersed in osmium-dichromate solution and processed as described by Valverde (1970) . The block was subsequently dehydrated in alcohol and embedded in paraffin for sectioning. Fifty-micron sections were cut on a sliding microtome and the tissue was cleared and mounted for inspection and photography, using a Leitz Dialux 20 microscope equipped with a vario-orthomat camera. ( Connors and Ransom, 1982) i.e., high resting potentials (>90 mV), very low input resistances, short time constants, and lack of intrinsic excitability or synaptic potentials. Within the next 200 pm of tissue, neurons were impaled frequently. Cellular activity decreased substantially when the electrode tip passed beyond the cell layer and into the molecular layer.
Correlation of physiological properties with morphology Neurons of the dorsal cortex could be unambiguously separated into two groups, based upon electrophysiological and morphological differences. The most commonly encountered cell was identifiable by its unique action potentials. Intracellularly applied pulses of depolarizing current generated action potentials of 2 or more discrete amplitudes in about 75% (n = 44) of these cells. By far the most common pattern was a complex of two types of spikes, one relatively small (30-40 mV peak amplitude above resting potential) and of low threshold, and one larger (mean amplitude of 76.4 mV above resting potential) with a higher threshold. Representative examples of this type of behavior are shown in Figures 2A and 12A . The small action potentials usually preceded the larger ones, and often appeared to trigger them. Small spikes could sometimes be elicited in isolation (Fig. 12A , second set of traces). The minority of neurons (of this type) that had only one spike size always displayed the full-sized spike rather than the smaller one; in these cases it was usually possible to discriminate a prominent shoulder on the rising phase of the action potential. Differentiating the membrane voltage with respect to time shows this to best advantage. For example, the first action potential illustrated in Figure 2A (top) has only one larger-amplitude peak. However, there is a distinct inflection point on its rising phase, and the differentiated trace ( Fig. 2A , bottom) clearly shows two separate maxima in the rate of rise. It seems likely that, in these cases, a smaller action potential was evoked first, and it in turn triggered the larger action potential so rapidly that the small spike did not have time to begin repolarizing.
During sustained suprathreshold stimuli, large spikes often separated into small and large components (Figs. 2A and SA) . A small number of neurons Full spike width (msec) 2.9 + 1.0 (7) 1.3 + 0.4 (7)* Small spike amplitude (mV) 34 t 8.1 (10) -d Vldtti, ( V/set) 45 f 14.0 (7) 84 f 24.1(7)* dV/dt, ( Vhec) 25 k 6.4 (7) 61 f 15.0(7)* Primaryfll (Hz/nA) 95 k 35 (5) 127 k 50 (5) All data presented as mean & SD (number of cells). V, = resting membrane potential, R, = input resistance; 7. = membrane time constant; dV/dt, = maximum rate of rise for full spike; dV/dt,, = maximum rate of fall for full spike; full spike width = spike duration at one-half amplitude measured from threshold to peak, primaryfll = slope of frequency/current relationship calculated from first interspike interval; l = significant difference between stellates and pyramids, p < 0.002 (twotailed Mann-Whitney U test; all others not significantly different, p > 0.05).
displayed three discrete spike sizes. Intracellular injections of LY or HRP revealed that the neurons described above were invariably pyramidal cells (see below). The second type of neuron was encountered much less frequently. When stained with LY or HRP, it had one of several stellate forms. The action potentials of these cells differed from the spikes of pyramidal cells in a number ofways. Most notably, they had only a single, narrow range of amplitudes (Figs. 2B and SB), which was similar to that of the largest pyramidal cell spikes. The rising and falling phases were smooth, as reflected in the single positive and negative peaks of the first derivative of the action-potential waveform. Each action potential was followed by a very brief, but prominent, undershoot of voltage. Quantitatively, the unitary spikes of stellate cells had significantly higher rates of rise and fall and a much briefer duration than did the spikes of pyramidal cells (Table 1 ). The ranges of values for the latter three parameters showed no overlap between cell types. Thus, an intracellular recording of a few action potentials may reliably indicate the general morphological class of the neuron.
Some of the passive electrical properties of pyramidal and stellate neurons are summarized in Table 1 . Resting potential (V,,,) was estimated from the voltage jump obtained upon withdrawal from the cell, and did not differ significantly between types. Input resistances (RN) were also similar, and were obtained by passing saturatingly long pulses of 0.1 to 0.2 nA through the recording electrode. As shown in Figure 3 , A, B, the currentvoltage relationships of pyramidal cells were usually quite linear. However, a minority of pyramidal cells displayed some degree of anomalous rectification, characterized by a pronounced sag in the voltage response to large hyperpolarizing currents (Fig.  3C ). Displayed graphically, this indicates a decrease in slope resistance at potentials 20 to 40 mV below rest (Fig. 30 ). Too few stellate cells were tested in this way to allow comparison. Membrane time constants (73 were measured by applying square, hyperpolarizing currents to elicit a voltage deflection of less than 20 mV (Fig. 4A ). The onset of the voltage change was plotted semilogarithmically vs time, and T, was estimated from the limiting slope of the relationship (Fig. 4B ). As shown in Table  1 , stellate cells had significantly faster 7,s than pyramidal cells.
The repetitive firing properties of stellate and pyramidal neurons were very distinctive. Both cell types could fire a sustained train of action potentials during a long, depolarizing current pulse (Fig. 5, A, B) . The slope ofthe relationship between actionpotential frequency (calculated from the first interspike interval) and injected current intensity was somewhat higher for stellate Table 1 ). Stellate cells also tended to have lower current thresholds for the first spike and a capacity for sustaining higher maximal discharge rates. The accommodative properties of the two cell types provided the most striking contrast, however. When the intensity of long current pulses was adjusted to give high, but similar, initial spiking frequencies, pyramidal cells failed to sustain these frequencies (Fig. 5A) , while stellate cells usually did (Fig. 5B ). This is illustrated graphically in Fig. 5D , which shows that some stellate cells actually increased their firing frequency during the course of a long stimulus (filled symbols), whereas all pyramidal cells showed rapid and dramatic accommodation (open symbols). Morphological identification of cells was accomplished by intracellular labeling with LY or HRP, following physiological classification. The results from the two different dyes were essentially identical. Five HRP-filled neurons recovered from these experiments were of the pyramidal type, and all had electrophysiological behavior similar to that described above. These cells had somata in the cell layer and multiply branching apical dendrites ascending through the molecular layer to the pial surface. There were also shorter basilar dendrites that extended downward into the subcellular zone. The dendritic processes A- were densely covered with spines. Figure 6A illustrates a camera lucida drawing of an HRP-filled pyramidal cell from the dorsal cortex. The top panel is viewed from the ependymal surface, as the cell would have appeared in the recording chamber. The bottom panel shows the same pyramidal neuron after embedding and sectioning at 90" to show its appearance in the coronal plane. Arcades of spine-laden dendrites traverse the molecular layer and also project toward the ependyma. These cells are the principal cortical neurons and match the pyramidal cell morphology that has been described for reptile dorsal cortex (Desan, 1984; Ramon, 1896; Ramon y Cajal, 1911) .
Two stellate cells were encountered in the subcellular layers and successfully labeled with HRP. Both had the stellate cell physiology described above, and one of them is illustrated in Figure 6B . Dendrites of stellate cells were generally oriented at right angles to the apical dendrites of the pyramidal neurons and parallel to the pial surface. The dendrites were less branched than their pyramidal cell counterparts and bore very few spines. The top panel of Figure 6B shows the cell as viewed through the ependymal surface; the bottom panel shows the same cell reconstructed from serial sections cut at right angles to the ependymal surface.
Intraneuronal injections of LY yielded results that were essentially identical to those of the HRP studies. All nine LYfilled neurons that had relatively slow spikes of variable amplitude and rapid accommodation exhibited pyramidal cell morphology (Fig. 7, A, B) . In contrast, when eight cells with rapid, unitary action potentials and little or no accommodation were recorded and stained, stellate cells were invariably recovered (Fig. 7, C,  D) . Unlike some neurons in rat and guinea pig neocortex (Connors et al., 1983; Gutnick and Prince, 1981) , neurons of the turtle cortex did not exhibit dye-coupling, i.e., the staining of multiple cells following a single injection.
Golgi-stained neurons
We compared the morphological features of cortical neurons revealed by the Golgi method with the strict dichotomy of cell types obtained in our physiological experiments. We examined the cerebral cortices from three specimens of adult Pseudemys scripta prepared using a rapid Golgi-staining method. Wellimpregnated cells could be easily assigned to the stellate or pyramidal cell categories, with very few exceptions. These exceptions did not appear to constitute unique classes of cells, but instead had some characteristics of both pyramidal and stellate cells. Camera lucida drawings of several representative pyramidal cells are illustrated in Figure 8 . Because our sections were only 50 pm thick, and it was difficult to trace processes through adjacent sections, some of the longer dendrites are truncated. Nevertheless, there was remarkable structural homogeneity among the principal cells. The most variable characteristics were the number and length of the basilar dendrites. Basilar elaboration was related to cellular position. The visual area of the turtle cortex has been divided into dorsolateral and dorsomedial divisions, based on architectonics and connectivity (Davydova and Goncharova, 1979; Desan, 1984) . The subcellular layer is thicker in the dorsolateral area, where basilar dendrites of pyramidal cells are correspondingly better developed than those of pyramidal cells located more medially.
Cell morphology varied more among stellate cells than among pyramidal cells. Subcellular zone stellate cells bore few, if any, spines, and most had relatively restricted dendritic arbors (Fig.  9, b, c ). An occasional subcellular stellate cell displayed an unusually long dendrite that projected far into the molecular layer (Fig. 9d) . Stellate neurons in the molecular zone commonly had very long aspiny or sparsely spiny dendritic processes, as shown in Figure 9~ . Photomicrographs of some of the Golgi sections containing pyramidal cells (Fig. 10, A, B ) and stellate cells (Fig.  10, C, D) underscore the differences in position and axis of orientation that generally characterize these two cell types. Magnified views illustrate the distinctive dendritic morphologies of pyramidal (Fig. 11, A, B) and stellate (C, D) cell types. The dendrites of stellate cells are generally aspiny and have frequent Figure 6 . Illustration of the two characteristic cell types of turtle cortex as revealed by intracellular HRP injection. A, A cell with the characteristic physiological and morphological properties of a pyramidal neuron as viewed in the intact cortex (top panel) and as reconstructed from serial sections cut coronally (below). Note the mutiple ascending apical dendrites laden with spines, and fine recurrent axon collateral branches. B, A cell with the physiological and morphological characteristics of a stellate neuron as viewed in the intact cortex (top panel), and as reconstructed in serial sections cut coronally (below). Note the less exuberant dendritic branching pattern, the relative lack of spines, the axis of orientation parallel to the pia, and localization to the subcellular layer. ML = molecular layer, CL = cell layer, XL = subcellular layer, E = ependymal surface. cell characterized physiologically prior to intracellular labeling. The cell is viewed from the ependymal surface in whole-mount; the plane of focus is near the distal ends of the apical dendrites. Soma is visible as a bright but unfocused blob. B, Reconstruction of the cell shown in A. Photomicrographs taken at several planes of focus were projected and traced on paper. C, Photograph of a LY-injected cell located in the subcellular layer that had the physiological and morphological properties of a typical stellate cell. In this whole-mount view the dendritic processes travel generally parallel to the pial surface. D, Drawing of the cell shown in C, as reconstructed from several photomicrographs. It has a relatively simpler dendritic tree with far fewer spines than the pyramidal cell. Calibration bars, C and D are 100 pm, and apply also to A and B.
varicosities along their length. In contrast, pyramidal cell dendrites are covered with spines and are more uniformly tapered.
Characteristics of pyramidal cell action potentials The frequency and stability with which pyramidal cells could be impaled allowed us to study their active membrane properties in greater detail. In many cells, it was possible to separate the low-amplitude from the large-amplitude action potentials by carefully grading the intensity of an intracellular current pulse. For example, the neuron illustrated in Figure 12A sometimes fired only a small spike to a just-threshold stimulus. At other times, the smaller spike was followed by (or itself triggered) a small spike-large spike complex. Comparison of these evoked waveforms shows that the afterpotentials of the two sizes of spikes were qualitatively different. The small spike alone was followed by a depolarizing potential that decayed within 200 msec (Fig. 12A, middle traces; cf. subthreshold and suprathreshold responses). When a large spike occurred, however, it was always followed by a hyperpolarizing potential (Fig. 12A , top traces) that lasted from 1 to 3 sec.
Some pyramidal cells also displayed peculiarities of repetitive firing. For example, when subjected to a long depolarizing current pulse, the cell illustrated in Figure 128 initially fired a train of regularly spaced action potentials. After about 4 set, however, it spontaneously converted to an oscillatory firing mode consisting of spike doublets or triplets. In the latter case, spike complexes were separated by slow hyperpolarizations. This rhythmic mode of firing was probably an intrinsic property of the recorded cell, rather than a synaptically imposed property, since the frequency of the rhythms was dependent upon the intensity of the injected current; higher currents yielded increased frequencies, while lower currents either decreased the frequency or failed to generate rhythmic firing.
When extracellular electrical stimuli (200 Msec duration) were applied to the subcellular layer, or to the ependymal surface, it was sometimes possible to evoke an antidromic action potential in pyramidal cells. As shown in the example of Figure 13A , such retrogradely conducted spikes were always of small amplitude (lo-20 mV) and short duration. Fully invading large-amplitude spikes were never observed. In many cells the initial antidromic spike (Fig. 13A , curved arrow) appeared to trigger a second allor-none component (Fig. 13A, straight arrows) . The latency and probability of occurrence of these second spike components were dependent upon the resting-membrane potential; hyperpolarization of l-2 mV could block the spike, whereas small depolarizations decreased its latency. As discussed in the fol- lowing paper (Kriegstein and Connors, 1986 ) subcellular-layer stimuli also evoked a powerful hyperpolarizing inhibitory synaptic potential, the onset of which could precede the antidromic spike. An antidromic origin for the primary spike is indicated by its narrow range of latencies following single shocks (less than 0.2 msec variation); its smoothly increasing latency when conditioned with a preceding shock at progressively shorter intervals (Fig. 13, B , C, cf. closed circles with control latency); and the sharpness of the refractory period (6.0 msec in this neuron). The secondary antidromic spike components were completely suppressed by the preceding conditioning shocks.
Antidromic spikes were used in a collision paradigm to test whether the small intracellularly evoked action potentials (Fig.  130 , open arrow) were able to invade the axon orthodromically. Short depolarizing current pulses were adjusted to evoke only a small spike; this was paired with a shock to the subcellular zone to evoke an antidromic spike (Fig. 130, curved arrows) . If the small spike evoked at the somatic level did invade the axon, one would predict that the minimal interval between the somatic spike onset and the antidromic stimulus would be the axonal conduction time (2.3 msec) plus the refractory period (6.0 msec), or 8.3 msec. However, in the cell of Figure 130 , the minimal interval was 5.5-5.7 msec, suggesting that the small, somatically evoked spike did not fully invade the axon in this case. The preceding somatically evoked spike did have other effects on the antidromic spike: at short interstimulus intervals, it inhibited the secondary component of the antidromic spike (Fig. 130 , third and fourth traces) and slightly increased the antidromic latency (Fig. 13C, open symbols) . This experiment proved feasible in only four pyramidal cells. The results of two implied that the somatically evoked small spike did invade the axon orthodromically; the timing of the other two was not consistent with orthodromic invasion, perhaps indicating that the small, intracellularly evoked spike arose in a region of the cell distant from the initial segment.
We investigated the ionic basis of action-potential generation in pyramidal cells. The addition of 1O-6 M tetrodotoxin (TTX) to the perfusion medium abolished all of the regenerative action potentials recorded through K acetate-filled microelectrodes, although some low-amplitude, variable-duration, graded responses persisted (Fig. 14A) . This result suggests that sodium is the primary carrier of inward current during both large and small spikes in pyramidal neurons. Since voltage-dependent calcium conductances are found almost universally in neuronal cell bodies, it seemed likely that the residual active responses visible in TTX represented calcium-dependent events. This conclusion was supported by experiments in which manganese, an agent known to suppress calcium conductances (Hagiwara and Byerly, 198 l) , was focally applied to TTX-treated cells. Manganese greatly reduced or abolished the active events (Fig. 14B) . In order to enhance the probability of detecting calcium-dependent electrogenesis, cesium was iontophoretically injected from 1 M cesium chloride-filled microelectrodes by passing small depolarizing current pulses. Intracellular cesium blocks outward potassium currents (Benzanilla and Armstrong, 1972) . The effects of cesium injection on pyramidal cell spikes are shown in Figure  15 , A, B. As cesium was injected, large-amplitude spikes progressively broadened and developed a prominent shoulder on the falling phase; however, small-amplitude spikes were not obviously affected. Although the maximum rates of rise were not altered, cesium slowed the rates of repolarization. Coincident with these changes, the afterhyperpolarization reversed polarity and became a large, long, depolarizing afterpotential. Applications of TTX to cesium-injected cells yielded large-amplitude, broad TTX-resistant spikes with very slow rates of rise and prominent depolarizing afterpotentials (Fig. 15, C, D) . Addition of manganese to cesium-and TTX-treated cells abolished all action potentials. These results are consistent with the presence of voltage-dependent calcium channels in the somadendritic membrane of cortical pyramidal neurons.
Discussion
The primary conclusion of this investigation is that the two structurally defined types of neurons in the dorsal cortex, pyramidal cells and stellate cells, have distinctly different physiological properties. Moreover, each cell type in turtle cortex displays many similarities to a corresponding cell type in the neocortex of mammals. 
Dichotomy of neuronal types in dorsal cortex
Morphological studies using Golgi methods (Balaban, 1978; Davydova and Goncharova, 1979; Desan, 1984; Northcutt, 1970; Ramon, 1896; Ramon y Cajal, 19 11; this study), electron microscopy (Ebner and Colonnier, 1975) and intracellular staining with HRP and LY (this study) indicate that virtually all neurons of the dorsal cortex fall into two general categories. Figure 12 . Action-potential characteristics of pyramidal neurons. A, Stimulation with a short intrasomatic current pulse (bottom truce) shows that small amplitude spikes can be generated in isolation. A 100 msec current pulse was adjusted to be near threshold. The top trace shows a complex of two small spikes followed by a full-sized spike. The response to the next stimulus (marked by triangle) was subthreshold, and is superimposed on the first. Note the large post-spike undershoot (cf. subthreshold to suprathreshold responses). The subthreshold response is reproduced in the second set of traces (triangle), and the response to a third stimulus presentation is superimposed. In this case, only a single small spike was generated, and it was followed by a brief depolarizing afterpotential. B, Oscillatory mode of repetitive firing. A different pyramidal cell from A was subjected to a long suprathreshold current pulse (top truce). In response, it initially generated a train of tonically firing action potentials followed, after about 4 set, by a sudden shift to phasic bursts of two and then three spikes (middle truce). The response is shown at higher sweep speed in the lower truces, which are derived from the area to the left and right of the triangle above. Note differences in time calibrations for the three voltage traces. Figure 13. Antidromic action potentials of a pyramidal cell. A, Response to ependymal shocks (triangle). Antidromic spike (curved arrow) was elicited at a sharp current threshold, and maintained a relatively fixed latency. Secondary spikes (straight arrows) sometimes appeared at a longer and very variable latency, shown here in three superimposed sweeps. B, Paired shocks to the ependymal layer (three superimposed sweeps). The initial shock evoked an antidromic spike and an inhibitory postsynaptic potential, the latency of the second shock was varied and at 6.0 msec evoked a spike, whereas at 5.1 msec it did not. Repeated trials at varying intervals indicated an absolute refractory period of slightly less than 6.0 msec. C, Latency between ependymal layer shock and onset of the antidromic spike. Closed symbols are derived from the experiment shown in B. Control latency (closed square) was measured from a series of single shocks and varied by less than 0.2 msec in 10 trials. When a preceding shock was applied at decreasing intervals, latencies progressively lengthened (closed circles) before spike failure at interstimulus intervals of less than 6.0 msec. Open symbols are derived from the experiment illustrated in D. In this case, the plotted interval is the time between the onset of the somatically evoked spike (open arrow in D) and the shock to the ependymal layer (triangle in D). Latency is measured from the shock to the antidromic spike onset. Control latency (open square) was measured from trials in which the preceding intrasomatic stimulus was subthreshold. D, Attempted collision experiment between a small action potential generated by an intracellular current pulse (open arrow) and a subsequent antidromic spike (curved arrows). Trial-to-trial variation in the onset time of the preceding action potential (top to bottom) allowed estimation of the minimal interval between the first spike and the subsequent stimuli that evoked antidromic spikes that successfully invaded the recording site. Thus, failure occurred in the second and fifth sweeps, but not in the first, third and fourth. The fifth trace also shows a control trial in which the preceding current pulse was subthreshold. Note that secondary antidromic spikes (straight arrows) were delayed or blocked by preceding spikes at short intervals. Calibrations in D also apply to A and B.
A B Connors and Kriegstein Vol. 6, No. 1, Jan. 1986 20 mV 1.0 nA 150 msec Figure 14 . A, The voltage response of a pyramidal cell in the presence of 10mb M TTX, consisting of small, slow, graded depolarizations. B, Focal application of 20 mM manganese, a calcium current antagonist, to the cell depicted in A markedly attenuated slow depolarizations.
Pyramidal cells have spine-laden apical and basal dendrites and somata in the cell layer, whereas stellate cells have relatively smooth dendrites with somata scattered through all layers. Many authors (Balaban, 1978; Desan, 1984; Ramon, 1896) , have commented upon the structural variability of neurons within these classes. For example, pyramidal cells may have somata displaced to the molecular or subcellular layers; their soma shape may vary dramatically and the density of their basilar dendrites ranges from nonexistent to equal to the apical arborization. Stellate cells display even wider variation in the size and pattern of their dendritic arbors, the shapes of their somata, and their orientations. Many of these differences were apparent among our intracellularly stained neurons. Nevertheless, the two morphologically defined cell types correlated absolutely with the two physiologically defined cell types; the structural variations within each type did not obviously correlate with functional variations, although more extensive investigation may demonstrate such correlates. Thus, pyramidal cells are characterized by both large-and small-amplitude action potentials, or obvious breaks in the rising limb of their spikes, and a marked adaptation of spike frequency during prolonged depolarization. Stellate cells have more rapidly rising and falling action potentials of uniform large size, prominent post-spike undershoots, and little or no adaptation. The two neuron types also have significantly different membrane time constants (Table 1) . If we make the reasonable assumption that the specific capacitance of their membranes is the same (Cole, 1968) then it is likely that the pyramidal cells have a specific membrane resistance nearly three times higher than that of the stellate cells. In a companion study (Kriegstein and Connors, 1986) , we investigate the functional properties of local connections within the turtle dorsal cortex. The results demonstrate that pyramidal and stellate neurons are also differentiable by their synaptic responses to local stimuli; pyramidal cells are profoundly inhibited while stellate cells are strongly excited. We propose that the combination of action-potential characteristics and synaptic responses allows unambiguous identification of an intracellularly recorded neuron as pyramidal or stellate.
We are not aware of any previous descriptions of the characteristics of turtle cortical neurons recorded intracellularly. However, there have been several studies in which single neurons were recorded extracellularly (Bass et al., 1983; Belekhova, 1979; Gusel'nikov et al., 1974; Karamian et al., 1966) . Although these authors did not report the characteristics of the spikes they observed, in principle it might be possible to identify the cell type by the shape and speed of its action potential recorded extracellularly, as well as by its laminar position (cf. Mountcastle et al., 1969) .
We can only speculate about the significance of the differences in membrane properties between the two cortical cell types. Their respective responses to prolonged, constant stimuli imply that pyramidal cells are most sensitive to transient or phasic excitation, whereas stellate cells faithfully transform a tonic excitation into a sustained output. These characteristics correlate well with the synaptic processes (Kriegstein and Connors, 1986) and physiological responses (Belekhova, 1979) of turtle cortical neurons, in which excitation is generally phasic while local inhibition is relatively prolonged.
Action potentials of pyramidal cells
The most unusual characteristic of pyramidal cells in the dorsal cortex is their propensity to generate action potentials of more than one amplitude. There are several relevant observations worth listing: (1) The majority of cells displayed spikes of two discrete amplitudes; their sizes across cells were quite similar, about 76 and 34 mV. (2) The smaller-amplitude spike almost always had a lower threshold than the larger one. (3) Small spikes yielded brief depolarizing afterpotentials, whereas large spikes evoked prominent long-lasting hyperpolarizing afterpotentials. (4) Antidromically evoked action potentials were usually even smaller than the intracellularly evoked small-amplitude spike, and were sometimes associated with a second, small, all-or-none component. (5) In at least some cases, the small, somatically evoked spikes propagated orthodromically. (6) Activation of orthodromic pathways to distal dendrites could also evoke smallamplitude action potentials; because of concurrent IPSPs, these spikes arose from a voltage more negative than the resting potential, as viewed from the recording site (see Fig. 2 of Kriegstein and Connors, 1986) . (7) All regenerative action potentials were blocked by TTX under normal conditions.
The absence of fluorescent dye-coupling between pyramidal cells makes it unlikely that small-amplitude spikes arise from electrical continuity between cells. One parsimonious explanation for the complex data is that the somadendritic membrane of turtle pyramidal cells has multiple sites for sodium-dependent spike generation. The most compelling evidence for this is the ability of distally generated EPSPs to elicit regenerative spikes recordable in the soma, even when the baseline membrane potential of the soma is hyperpolarized because of synaptic inhibition. Presumed excitatory synapses are seen almost exclusively on dendrites, whereas presumed inhibitory synapses contact both dendrites and somata Colonnier, 1975, 1978) . The axon hillock usually arises from the soma (Ramon, 1896) , although in some cells it may be located on a proximal dendrite (Desan, 1984; P. H. Desan, personal communication) . Thus, distal apical dendritic excitation elicited by a single electrical stimulus is unlikely to trigger spikes directly from the axon initial segment or the perisomatic region. Dendrites themselves are probably the site ofelectrogenesis under these circumstances. At least some of the small action potentials evoked by intrasomatic current injection may also be of dendritic origin. While initiation in the axon cannot be ruled out, their attenuated size and protracted rate of repolarization suggests a site of origin far from the soma. Conversely, large-amplitude spikes, with their dramatic afterpotentials, are likely to arise near the recording site in the soma-proximal dendrite region. The collision experiments, which used small spikes as conditioning stimuli, suggest the intriguing possibility that excitation of the axon may not always require full-spike initiation in the soma.
The relative distribution of ion channel densities cannot be inferred from the available data. At a minimum, it appears that voltage-sensitive sodium channels must exist in the axonal, perisomatic, and distal dendritic membranes. Focal areas of relatively high channel density may occur in distal dendrites, as hypothesized for hippocampal pyramids of mammals (cf. Spencer and Kandel, 196 1; Traub and Llinas, 1979) . Mitral cells of the turtle olfactory bulb may also generate action potentials in their distal dendrites (Mori et al., 1982) . Interestingly, Ebner and Colonnier (1975) observed unusually large, organelle-filled spines on the distal dendrites of turtle pyramidal cells, and speculated that they might be sites of active electrical processes. However, even a neuron with a uniformly excitable membrane may display sites of impulse initiation far from the soma, under appropriate geometrical conditions (Moore et al., 1983; Ramon et al., 1976) . The small size and multiple all-or-none components of the somatically recorded antidromic spikes may also be a simple consequence of geometry; in this case the smalldiameter axon may not generate enough action current to overcome the abrupt increase in capacitive load at the soma (compare our Fig. 13 , A, D to Figs. 3 and 4 of Ramon et al. 1976 ). Concurrent synaptic conductances may also contribute to the antidromic impedance mismatch. The failure of action potentials to fully invade the pyramidal cell soma is reminiscent of the frog motoneuron, in which fully invading antidromic spikes are the exception (Magherini et al., 1976) .
Elucidation of the mechanisms and significance of multiple spike heights and initiation sites awaits the results of further experimentation. However this characteristic clearly distinguishes turtle pyramidal cells from turtle stellate cells.
Comparison of turtle and mammalian cortical neurons
Although it would be very interesting to compare the cellular physiology of telencephalic cortical neurons across a large number of vertebrate species, there are currently data for only a few mammals and for one species of reptile. Morphologically, the turtle pyramidal neuron is very similar to the hippocampal pyramidal cell (Ramon y Cajal, 1911) . The pyramidal cells of dorsal cortex and neocortex also share many characteristics. Both types have spine-laden apical and basilar dendritic processes, apical dendrites that ascend to more superficial cortical layers, and axons that constitute the principal cortical output. The turtle pyramidal neuron usually has multiple apical dendrites rather than the prominent single apical dendrite that characterizes most neocortical pyramidal neurons. However, the distribution of spines along the apical dendrites is very similar. Spine density varies as a function of distance from the soma in pyramidal neurons of both turtle and mammalian somatosensory cortex (Jones and Powell, 1969) . In addition, the same variety of spine morphologies has been described in turtle neurons and in mammalian somatosensory cortex.
The electrophysiological properties of turtle pyramidal neurons resemble mammalian pyramidal cells in several ways. For example, while the action potential of the turtle pyramidal cell is relatively prolonged (at 22°C) we have inferred an ionic dependence on voltage-sensitive sodium, calcium, and potassium channels that is grossly similar to pyramidal neurons of mammalian neocortex and hippocampus (Crill and Schwindt, 1983) . The prominence of multiple spike sizes in adult turtle pyramidal cells is reminiscent of mammalian hippocampal cells (Spencer and Kandel, 196 l) , but differentiates turtle cells from their mature neocortical counterparts, which generate only large somatic spikes in almost all reports. However, Purpura et al. (1965) described multiple spike amplitudes in some neurons of the immature kitten neocortex, and speculated that the small action potentials might arise from dendritic electrogenesis. Interestingly, 7, for turtle pyramidal cells is several times longer than that for mammalian pyramidal cells in vitro (cf. McCormick et al., 1985; Stafstrom et al., 1984) . The membranes of reptilian cells may therefore have a higher specific resistivity, but some or all of this difference may be due to a strong dependence of membrane resistivity on temperature (cf. Scholfield, 1978) .
The structure of the aspiny stellate neurons of turtle cortex closely resembles that of the aspiny stellate neurons of mammalian neocortex and hippocampus. Ultrastructurally, neocortical aspiny stellate cells have greater densities of cytoplasmic organelles and higher frequencies of somatic and proximal dendritic synapses than neocortical pyramidal cells (Colonnier, 1968; Feldman and Peters, 1978; Peters, 1971; White, 1978) . The neocortical stellate cell has multipolar dendritic processes and an axon that makes symmetrical contacts onto pyramidal cells (LeVay, 1973; Peters and Fairen, 1978) . These contacts are presumed to be inhibitory (Atwood et al., 1972; Uchizono, 1964) . These same features have been described for stellate cells in turtle general cortex (Ebner and Colonnier, 1978; Smith et al., 1980) . In addition, there is immunohistochemical evidence that aspiny stellate cells in neocortex and hippocampus use the inhibitory substance, y-aminobutyric acid (GABA), as their transmitter (Ribak, 1978; Ribak et al., 1978) . Immunohistochemical studies have also shown that turtle stellate cells stain positively for GABAergic markers (Blanton et al., 1985) . In the following paper (Kriegstein and Connors, 1986) , we provide physiological data in support of the GABAergic inhibitory role of the aspiny stellate cell in turtle cortex.
The relative simplicity of turtle dorsal cortex is underscored by the apparent absence of several cell types present in mammalian neocortex. Most notably, these include the spiny stellate Vol. 6, No. 1, Jan. 1986 cells prevalent in layer IV (Lund, 1984) and the sparsely spiny non-GABAergic bipolar cells, subsets of which contain a variety of neuroactive peptides (Emson and Hunt, 1984) .
There have been few studies linking the membrane properties of nonpyramidal neocortical neurons with their corresponding cellular morphology. In a recent investigation (McCormick et al., 1985) , the physiological properties of guinea pig neocortical neurons were correlated with somadendritic structure by using LY injections. The results strongly suggested that pyramidal cells were distinguishable from probable GABAergic stellate cells by physiological criteria alone. Thus, pyramidal cells had relatively slowly falling spikes, prominent spike-frequency adaptation, and responded to local stimuli with brief excitation, followed by prolonged inhibition. Stellate cells had very fast spikes, large post-spike undershoots, little or no adaptation, and responded with prolonged synaptic excitation. Similar studies have been conducted for stellate neurons in mammalian hippocampus in vitro (Schwartzkroin and Mathers, 1978) . These cells are greatly outnumbered by the principal pyramidal cells, their dendrites are aspiny and often contain varicosities, and they have locally ramifying axons. Physiologically, the dichotomy between pyramidal and stellate cell types in the hippocampus closely resembles that described for the neocortex.
Thus, pyramidal cells in turtle dorsal cortex, mammalian hippocampus, and neocortex are very similar when compared in several general categories: somadendritic morphology, actionpotential properties, and length of axon. By these same criteria, stellate cells from the turtle cortex likewise resemble many of the stellate cells in mammalian hippocampus and neocortex. The stellate cells in question also seem'to share the biochemical machinery associated with the transmitter GABA. These observations suggest the possibility that the two neuron types are homologous in reptiles and mammals, and that the characteristics of these primary cortical elements have been highly conserved. A more extensive comparison of cortical neurons across species may help to test this hypothesis.
